Maintenance of Kaposi's sarcoma-associated herpesvirus (KSHV) episomes in latently infected cells is dependent on the latency-associated nuclear antigen (LANA). LANA binds to the viral terminal repeats (TR), leading to recruitment of cellular origin recognition complex proteins. Additionally, LANA tethers episomes to chromosomes via interactions with histones H2A and H2B (A. J. Barbera et al., Science 311:856-861, 2006). Despite these molecular details, less is known about how episomes are established after de novo infection. To address this, we measured short-term retention rates of green fluorescent protein-expressing replicons in proliferating lymphoid cells. In the absence of antibiotic selection, LANA significantly reduced the loss rate of TR-containing replicons. Additionally, we found that LANA can support long-term stability of KSHV replicons for more than 2 months under nonselective conditions. Analysis of cis elements within TR that confer episome replication and partitioning revealed that these activities can occur independently, and furthermore, both events contribute to episome stability. We found that replication-deficient plasmids containing LANA binding sites (LBS1/2) exhibited measurable retention rates in the presence of LANA. To confirm these observations, we uncoupled KSHV replication and partitioning by constructing hybrid origins containing the Epstein-Barr virus (EBV) dyad symmetry for plasmid replication and KSHV LBS1/2. We demonstrate that multiple LBS1/2 function in a manner analogous to that of the EBV family of repeats by forming an array of LANA binding sites for partitioning of KSHV genomes. Our data suggest that the efficiency with which KSHV establishes latency is dependent on multiple LANA activities, which stabilize viral genomes early after de novo infection.
Kaposi's sarcoma-associated herpesvirus (KSHV/human herpesvirus 8) is a DNA tumor virus present in Kaposi's sarcoma (KS) and lymphoproliferative diseases, such as primary effusion lymphoma (PEL) and multicentric Castleman's disease. As with other DNA tumor viruses, including EpsteinBarr virus (EBV) and papillomaviruses, KSHV genomes are maintained as multicopy episomes in the nuclei of latently infected cells (13, 49) .
Conceptually, maintenance of viral episomes in dividing cells can be described as the sum of two distinct processes: (i) DNA replication and (ii) partitioning/segregation. Critical for episome maintenance are virally encoded origin binding proteins (OBPs), which support DNA replication by binding to cisregulatory elements within their respective origins of replication. The latency-associated nuclear antigen (LANA) of KSHV is a functional homologue of the EBV nuclear antigen 1 (EBNA-1) in that it is the only viral protein required for episome maintenance (5, 16, 72) . LANA binds cooperatively to two LANA binding sites (LBS1/2) (20) within the 801-bp highly GϩC-rich terminal repeats (TR), 35 to 45 copies of which flank the unique long coding region of KSHV (36) . LANA interacts with the cellular origin recognition complex, which assembles at TR in late G 1 /early S phase, thus eliciting replication (42, 65, 66) . Our laboratory identified a 32-bp replication element (RE) directly adjacent to LBS1/2 within the TR that is absolutely required for LANA-dependent replication (29) , and plasmids containing the minimal replicator (RE and LBS1/2) replicate in synchrony with host chromosomes once per cell cycle (67) . While the minimal cis-regulatory elements for replication have been defined (29) , whether additional cis elements within TR and/or the number of LANA binding sites within TR have a direct role in episome partitioning and maintenance has not been determined.
The first evidence demonstrating that LANA plays a key role in partitioning of viral episomes came from experiments involving G418 selection of Z6 cosmids harboring multiple TR copies (5) . Subsequently it was shown that under selection, two copies of TR are required to efficiently maintain plasmids in a LANA-dependent fashion while one copy of TR conveys maintenance with less efficiency (6) . Hence, all necessary cis-regulatory elements for both initiation of latent DNA replication and episome partitioning are located within TR sequences.
Extensive studies have been done on EBV oriP, a 1.8-kbplong region containing two distinct cis elements: the dyad symmetry (DS) and the family of repeats (FR) (43, 71) . EBNA-1 recruits the origin recognition complex to oriP (15) and facilitates long-term maintenance of oriP plasmids (72) . The DS contains four EBNA-1 binding sites and functions as a replication origin, while the FR contains multiple EBNA-1 binding sites to facilitate episome partitioning (25, 51, 52) . The organization of cis elements within the latent replication origins of EBV and KSHV exhibits some similarities in that the spacing between OBP binding sites is 21 bp for EBNA-1 compared to 22 bp for LANA (29) . Unlike EBV, however, KSHV genomes do not contain an obvious FR element. Given that KSHV genomes have 35 to 45 TR copies, each containing high-affinity LANA binding sites, we hypothesized that multiple LBS1/2 function as a cis-partitioning element in a manner analogous to that of FR.
LANA, encoded by ORF73, is 222 to 234 kDa in size and can be divided into distinct functional domains. Piolot et al. first demonstrated that amino acids 5 to 22 within the proline-rich N terminus of LANA are required for the tethering of viral episomes to mitotic chromosomes (48) . Furthermore, this N-terminal domain conveys chromosomal attachment when fused to heterologous proteins, such as green fluorescent protein (GFP) (34, 48) . Consistent with the tethering model, LANA converges at sites along metaphase chromosomes in the presence of TR DNA (16) . Several LANA-interacting chromatin-associated proteins, including Brd4, Brd2/RING3, HP1␣, histone methyltransferase SUV39H1, methyl CpG binding protein MeCP2, and Dek, have been proposed as potential targets for LANA-dependent episome tethering (34, 41, 46, 55, 69) . Recently Barbera et al. provided biochemical and genetic evidence that the LANA N terminus interacts directly with core histones H2A and H2B for episome tethering (8) . The LANA C terminus contains a sequence-specific DNA binding domain (DBD) and a dimerization domain, both of which are required for DNA replication (20, 32, 42, 57) . As such, the N terminus of LANA is responsible for tethering viral episomes that are bound by the C terminus to host chromosomes.
Both the N and C termini of LANA can facilitate multiple protein-protein interactions with cellular proteins, including members of the wnt family of transcriptional regulators and the tumor suppressor proteins RB and p53, although recently it has been shown that p53 pathways in PEL cells are intact (18, 19, 47, 50) . As a result, LANA modulates both cellular and viral gene expression (44, 53) .
In contrast to the growing knowledge on the molecular details by which LANA contributes to the initiation of DNA replication and tethering of episomes, a lot less is known about how episome maintenance is established. Indeed, studies of either ex vivo-cultivated KS tumor cells or de novo-infected cells suggest that these processes are rather inefficient (1, 3, 9, 14, 35) . While PEL-derived cell lines can be readily established and contain 20 to 150 stable copies, KS-derived endothelial cells rapidly lose viral genomes upon ex vivo cultivation. Additionally, in vitro infection studies have revealed that although many cell types are susceptible to infection with KSHV, cells fail to establish stable latency and lose viral genomes (9, 35) . Similar observations have been made with both KSHV and EBV replicons; in the absence of antibiotic selection, rapid loss of TR-containing or oriP plasmids from transfected cells has been reported, and provision of LANA or EBNA-1 had no measurable effect (22, 39) .
Based on these observations, we and others have hypothesized that the establishment of latency, defined here as stable episomal maintenance, occurs with very low frequency and may involve epigenetic modifications of the incoming viral genomes. Indeed, rare cases in which cells of endothelial origin (TIVE and SLK) support stable latency after de novo infection have been reported (3, 9, 22) .
To quantitatively access these rare events, we examined the kinetics of TR-containing replicons within proliferating cell populations in the absence and presence of LANA under nonselective conditions. Contrary to previous reports, we observed a significant effect of LANA on the short-term retention of KSHV replicons. In our model system, LANA improves plasmid retention twofold when provided in cis and fourfold when provided in trans. Additionally, long-term maintenance of KSHV replicons can be observed at low frequencies. Using this system in conjunction with colony formation assays, we show that the cis-regulatory elements conferring episome partitioning consist of multiple LANA binding sites within multiple TRs which function in a manner analogous to that of the FR element of EBV. Our data indicate that the early replication and partitioning events mediated by LANA are fundamental to initiating episome establishment and maintenance within dividing cells.
MATERIALS AND METHODS
Plasmids. pGFP was constructed by inserting a GFP cassette from pHPT-GFP (kindly provided by Stanton Gerson, Case Western Reserve University) into pCRII (Invitrogen). GFP expression is driven by the EF1␣ promoter, which augments strong expression over long periods of time without being translationally silenced (56) . p2TR-GFP contains two copies of TR in tandem (described in reference 28), while p1TR-GFP contains one 801-bp TR at NotI. p2TR⌬512-556 was derived from pTR⌬512-556 (described in reference 29). Expression of LANA, a 1,003-amino-acid full-length variant (20) , is driven by a cytomegalovirus promoter. Plasmids containing RELBS1/2 or two or three sets of LBS1/2 were constructed from oligonucleotides (Integrated DNA Technologies, Inc.). Puromycin-containing plasmids are based on pPur (Invitrogen). pPur-DS-FR and pPur-DS were gifts from Ashok Aiyar. TRs or derivatives were inserted at the PvuII site of pPur or pPur-DS. All constructs were confirmed by restriction enzyme digestion and/or sequencing and are illustrated in Fig. 1 and 6 .
Cell lines and transfections. BJAB, an EBV/KSHV-negative Burkitt's lymphoma B-cell line, and BJAB/TetOn/ORF73, previously described (2), were maintained in RPMI 1640 supplemented with 10% fetal bovine serum and 5% penicillin-streptomycin. For plasmid retention assays, cells were kept in the log phase of growth (10 5 to 8 ϫ 10 5 cells/ml) at all times. Cell counts were determined by trypan blue exclusion. Seventy-two hours prior to transfection, BJAB/ TetOn/ORF73 was induced to express LANA by the addition of 1 g/ml doxycycline (Dox). BJAB cells were transfected either by traditional electroporation methods in Opti-MEM reduced serum medium (Invitrogen) using 15 g of plasmid DNA with 950 F and 250 V (Bio-Rad Genepulser) or by nucleofection using 0.04 fmol of plasmid DNA per 5 ϫ 10 6 cells, solution T, program O-17, as per the manufacturer's instructions (Amaxa, Inc.). For colony formation assays, 293, 293/LANA, and 293/EBNA-1 cells were grown in supplemented Dulbecco's modified Eagle medium and transfected using Effectene (QIAGEN, Inc.) as per the manufacturer's protocol. Forty-eight hours posttransfection, cells were plated and 1 g/ml puromycin (Calbiochem) was added.
Immunoblotting. Whole-cell lysates were separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-P membranes (Millipore). Polyclonal rabbit anti-LANA (2), antitubulin (Oncogene Research), or mouse antiactin (Santa Cruz Biotechnology, Inc.) antibodies were used to detect proteins. Blots were developed with peroxidase-conjugated antibodies and an enhanced-chemiluminescence substrate (Pierce).
FACS and flow cytometry analysis. To obtain clonal populations, cells were sorted into 96-well plates at 3 cells per well 48 h posttransfection (Elite ESP, Beckman Coulter). Photomicrographs of GFP-positive cells were taken with an inverted fluorescence microscope (Nikon). For short-term maintenance assays, cells were batch sorted at 18 to 22 h posttransfection, achieving Ͼ95 to 99% GFP-positive cell populations (FACS-Diva; Becton Dickinson), and resuspended in complete medium at equal cell densities. To measure GFP expression, cell aliquots were fixed in 2% paraformaldehyde in phosphate-buffered saline (PBS) at selected time points and stored at 4°C until the time of analysis. GFP percentages are based on gated viable cells, using CellQuest software, and are always compared to a BJAB negative control (FACSCalibur; Becton Dickinson). Episome loss follows first-order exponential decay, defined Table 1 .
PCR and Southern hybridization. Episomal plasmid DNA was prepared from cells using either the method of Hirt (27) as described previously (20) or a modified Hirt extraction method as described previously (4) . Hirt extracts were resuspended in 50 l of distilled H 2 O containing RNase A or 50 l of 10 mM Tris-EDTA, pH 8.0, for the modified protocol. PCR amplification was performed using primers specific for the GFP gene (fwd, 5Ј-AGATCCGCCACAA CATCGAG-3Ј; rev, 5Ј-CCATGCCGAGAGTGATCC-3Ј) and products visualized on 1.5% agarose gels.
For Southern blot analysis, extracted DNA was loaded directly into wells of 0.8% agarose gels and transferred to Immobilon-Nyϩ membranes (Millipore) following electrophoresis. A radioactive probe was prepared by random-prime labeling plasmid DNA (Amersham Biosciences) with [ 32 P]dCTP and purifying with quick-spin columns (Roche). Hybridization and washing were performed as described previously (28) . Following hybridization, Southern blots were exposed to a phosphor screen and signals captured on a PhosphorImager using ImageQuant software (Molecular Dynamics).
DpnI PCR-based replication assays. Ten percent of DNA extracted by the Hirt method was digested with 70 U DpnI (New England Biolabs) at 37°C for Ͼ72 h to eliminate bacterially methylated input DNA. Plasmid DNA which has undergone at least two rounds of DNA synthesis in eukaryotic cells is resistant to DpnI cleavage. As a control for input, equivalent amounts of extract were subjected to the same buffer conditions in the absence of enzyme. To detect DpnI-resistant species, digests were heat inactivated and an aliquot of each sample was subjected to 27 to 30 PCR amplification cycles using GFP-specific primers.
Colony formation assays. Cells were cotransfected with 0.7 g replicon DNA and 0.3 g pLANA or pPur. Twenty-four hours posttransfection, cells were washed twice in PBS, trypsinized, and plated at equal densities (2 ϫ 10 4 , 5 ϫ 10 4 , 1 ϫ 10 5 , or 2 ϫ 10 5 cells) in 10-cm plates. Cells were grown in the presence of puromycin for more than 2 weeks. To visualize colonies, cells were fixed in 80% methanol and stained in 30% methanol in PBS containing 0.1% crystal violet.
Plasmid rescue assay. DpnI-digested, Hirt-extracted DNA at Ͼ15 days posttransfection was transformed into chemically competent DH5␣ and plated onto ampicillin LB plates. Bacterial colonies were analyzed by NcoI restriction enzyme digestion following plasmid purification.
RESULTS
LANA significantly increases retention of KSHV replicons in absence of antibiotic selection. Previous reports indicate that TR plasmids are maintained in the presence of LANA only under selective conditions (5, 22) . The fact that latent viral genomes are readily detectable within 36 h postinfection (9) suggests that LANA has a significant effect on episome establishment early after infection. To examine these early events in a quantitative manner, we measured the short-term retention rates of GFP-expressing replicons in the absence of selective agents.
First we constructed a series of KSHV replicons containing a GFP reporter gene, allowing us to track cells that maintain replicons by microscopy and flow cytometry (Fig. 1A) . The complete replicon, pLANA-2TR-GFP (11.3 kb), contains all required viral elements for episome replication and maintenance. Derivatives used for controls include p2TR-GFP (7.0 kb), lacking the LANA expression cassette, and pGFP (5.4 kb), lacking both cis (TR) and trans (LANA) elements. LANA expression from pLANA-2TR-GFP was confirmed by Western blot analysis (Fig. 1B) .
To investigate replicon kinetics at early time points after transfection, we implemented a novel transfection method which enables us to transfect cells at high efficiencies while preserving cell viability (Amaxa, Inc.). To further recapitulate events after de novo infection, we introduced the smallest amount of DNA possible, an optimized 5,000 copies per cell (ϳ150 to 200 ng per 5 million cells). Equimolar amounts of plasmid DNA were introduced into BJAB cells, which represent a B-cell lymphoma line previously shown to replicate TR plasmids in the presence of LANA (23) . Eighteen hours posttransfection, cells were FACS sorted and equal numbers of GFP-positive cells seeded and maintained in nonselective medium. Cells were analyzed every 24 h for GFP expression, and the percentages of GFP-positive cells were plotted over time.
FIG. 1. KSHV replicons. (A)
Schematic of plasmid constructs used in retention assays. GFP is inserted into pCRII (Invitrogen) at XhoI to XbaI; TRs or derivatives are at NotI; LANA is at EcoRV. Plasmid p2TR⌬RE-GFP was derived from pTR⌬512-556 (described in reference 29) and contains two copies of TR in tandem, each lacking the GϩC-rich region encompassing RE directly adjacent to LBS1/2. pRELBS1/2-GFP contains 71 bp of the minimal replicator inserted HindIII to NotI, while p3XLBS1/2-GFP contains three sets of minimal LBS1/2 at NotI in tandem. GFP expression in pGFP-and p2TR-GFP-transfected populations followed similar kinetics, decreasing rapidly to about 1% within 5 days of FACS ( Fig. 2A) . While GFP expression in cells transfected with pLANA-2TR-GFP also declined, the presence of LANA significantly slowed plasmid loss. At 4 days post-FACS, 13.9% of cells were GFP positive, compared to less than 3% for the controls. By 7 days post-FACS, the level of GFP expression stabilized at 3% Ϯ 0.5% for pLANA-2TR-GFP (compared to 1.2% Ϯ 0.3% for pGFP and 1.2% Ϯ 0.1% for p2TR-GFP) and remained at this level indefinitely ( Fig.  2A ; also data not shown). To compare the retention ability for each plasmid, we calculated the rate of plasmid loss per cell generation (Table 1) . With LANA expression, TR plasmids were lost at a rate of 13.6% Ϯ 0.2% per cell generation. In contrast, control plasmids were lost at rates of 27.8% Ϯ 0.3% (pGFP) and 25.6% Ϯ 0.3% (p2TR-GFP) per generation. These data demonstrate that TR-containing replicons are retained two times more efficiently when LANA is provided in cis ( Fig. 2A ; Table 1) .
Previously it was shown that LANA targets the wnt/␤-catenin pathway (19) , thus promoting S phase. To rule out that LANA-expressing BJAB cells have a growth advantage, thereby affecting our measurements of replicon maintenance, we monitored growth of FAC-sorted BJAB cells but observed no differences (Fig. 2B ).
To confirm that the observed differences in GFP expression are due to LANA activity, we tested plasmid replication. Episomal Hirt-extracted DNA prepared 4 days posttransfection was subjected to DpnI digestion for more than 72 h and subsequently amplified by PCR. DpnI-resistant species were readily detectable in cells transfected with pLANA-2TR-GFP (Fig. 2C, lanes 5 to 8) but not with p2TR-GFP (lanes 1 to 4), demonstrating LANA-dependent replication.
To determine whether provision of LANA in trans would enhance replicon retention in our model system, we monitored plasmid kinetics in LANA-inducible BJAB/TetOn/ORF73 cells (described in reference 2). Cells were transfected with plasmids containing either one or two copies of TR. Following FACS, we again observed a rapid loss of GFP expression from LANA-negative cells (Fig. 2D) . Provision of LANA in trans significantly reduced the loss of TR plasmids, and plasmids containing only a single copy of TR behaved similarly to p2TR-GFP (Fig. 2D,) . The loss rate of p2TR-GFP was 5.9% in LANA-expressing cells, compared to 26.9% in BJAB controls (Table 1) , resulting in a fourfold increase in retention. This retention is two times higher than when LANA was provided in cis ( Fig. 2A) . These data show that provision of LANA in cis or in trans significantly enhances the retention of TR plasmids in proliferating cells under nonselective conditions.
To rule out the potential effect of plasmid size on retention and stability, we introduced p2TR-GFP into BJAB/TetOn/ ORF73 cells grown in Dox-plus medium for 72 h. Following FACS, cells were reseeded in either Dox-plus or Dox-minus medium. Cells released from Dox induction retained GFP expression less efficiently than cells maintained in Dox-plus medium (Fig. 2E ). This decrease in plasmid retention was tightly linked to the loss of LANA expression as monitored by Western blotting (Fig. 2F ). We have also tested a replicon containing an EBV replication origin (pDS-GFP) and observed no differences in plasmid kinetics in the presence or absence of LANA (data not shown), demonstrating that LANA has no effect on plasmids that lack TR. Thus, GFP expression correlates directly with retention of TR-containing plasmids. Together these data suggest that LANA increases viral episome retention early after infection.
KSHV replicons can be episomally maintained long term in rare subpopulations in the absence of drug selection. Several reports have shown that KSHV and EBV replicons are unstable and cannot be maintained long term in the absence of antibiotic selection (22, 39) ; however, we have observed GFPexpressing colonies in 293/LANA cells transfected with p2TR-GFP after 15 days posttransfection and replicating TR plasmids in GFP-positive LANA-expressing BJAB cells as long as 4 weeks posttransfection (data not shown). Additionally, we have observed that the percentage of GFP-positive cells stabilizes at ϳ3% within 7 days post-FACS for either cells transfected with pLANA-2TR-GFP or Dox-induced cells transfected with p2TR-GFP (Fig. 2) . Thus, we hypothesized that rare cells within a population are competent in establishing episome maintenance and such events occur at a low frequency.
To demonstrate long-term LANA-dependent replication of TR-containing plasmids, BJAB or Dox-induced BJAB/TetOn/ ORF73 cells were transfected with p2TR-GFP. On various days, plasmid DNA was extracted by the Hirt method and digested with DpnI and resistant species amplified by PCR. At 10 days posttransfection, BJAB cells were ϳ0.2% GFP positive and tested negative for DpnI-resistant DNA while LANAexpressing cells were ϳ13% GFP positive and exhibited DpnIresistant replicated plasmid forms (Fig. 2G, lanes 2 and 4) . To enrich for cells maintaining replicons, GFP-expressing LANApositive cells were subjected to FACS at day 10 and Hirt extracts prepared 10 and 16 days later for PCR analysis. At 20 and 26 days posttransfection (10 and 16 days post-FACS), DpnI-resistant plasmids continued to be present in LANAexpressing cells. Interestingly, at these later time points, the intensity of DpnI-digested bands is similar to that of input DNA, suggesting that LANA-positive cells are replicating and maintaining p2TR-GFP as stable episomes (Fig. 2G , lanes 5 and 6). We next examined plasmid maintenance on an individual cell basis. BJAB cells were transfected with p2TR-GFP or pLANA-2TR-GFP, and single cells were FACS sorted into 96-well plates. At day 4 post-FACS, 21 of 49 wells contained GFP-positive, viable cells for p2TR-GFP and 19 of 52 wells for pLANA-2TR-GFP were GFP positive. After 10 days, three wells for p2TR-GFP and seven wells for pLANA-2TR-GFP remained GFP positive (Fig. 3A) .
At 14 days, three subpopulations from pLANA-2TR-GFP and all three p2TR-GFP subpopulations were triturated and expanded and remained under continuous microscopic observation for more than 2 months (Fig. 3B) . LANA-expressing populations sustained a much higher percentage of GFP-expressing cells, ranging from 16.3% to 55.3% GFP positive, while expression in control populations was significantly lower, ranging from 0.3% to 6.2% (Fig. 3C) , suggesting that cells were maintaining KSHV replicons.
To verify that pLANA-2TR-GFP plasmids were maintained as episomes, DNA extracted by the Hirt method was analyzed 10 weeks posttransfection by PCR. Cells transfected with p2TR-GFP (Fig. 3D, lanes 1 to 3) were negative, indicating that the small number of GFP-expressing cells in these populations harbor integrated plasmids. However, cells transfected with pLANA-2TR-GFP (lanes 4 to 6) were positive, indicating the presence of episomal DNA. To confirm these results in a PCR-independent fashion, we performed Southern blot analysis. DNA extracted by the Hirt method at 8 or 10 weeks post-FACS tested positive (Fig. 3E) , demonstrating that these subpopulations (L-A3 and L-C3) stably maintained replicons. Semiquantitative Southern blot analysis revealed low plasmid copy numbers, averaging 3 to 10 molecules per cell.
These results demonstrate that in the presence of LANA, TR-containing plasmids can be maintained as episomes at a low frequency over a long period of time in dividing cells. Additionally, these data suggest that a small fraction of cells is competent to support the establishment of episomes in a LANA-dependent fashion under nonselective conditions. Replication-deficient TR plasmids are initially retained in the presence of LANA but with less efficiency. Episome maintenance can be described as the sum of two processes: replication and partitioning. EBV oriP contains two distinct sequence elements for these processes. DS conveys EBNA-1- To address this question, we first asked whether plasmids containing LBS1/2 but not RE, and therefore unable to replicate, could be retained in LANA-expressing cells. We compared retention of wt TR (p1TR-GFP), the minimal replicator (pRE-LBS1/2-GFP), or a plasmid containing three sets of LBS1/2 in tandem (p3XLBS1/2-GFP) in BJAB and LANAinducible BJAB/TetOn/ORF73 cells.
In LANA-negative cells, GFP expression was lost rapidly irrespective of the transfected plasmids (Fig. 4A) . In congruence with data shown above, LANA expression greatly reduced the loss of wt TR (Fig. 4A) . While pRE-LBS1/2 and p3XLBS1/2, which does not replicate, were lost faster than wt TR, the presence of LANA significantly reduced the loss of these plasmids (Fig. 4A) . Loss rates calculated for each plasmid showed that LBS1/2-containing plasmids were retained approximately 2.5 to 3 times more efficiently with LANA (Fig.  4C) . By performing Southern blot analysis of DNA extracted by the Hirt method 96 h posttransfection, we detected pRE-LBS1/2 and p3XLBS1/2 only in LANA-expressing cells (Fig.  4B, lanes 1 and 2) . Importantly, by 72 h posttransfection, more than 95% of the transfected DNA is degraded in the absence of LANA (data not shown). Thus, early on, LANA seems to stabilize LBS1/2-containing plasmids in the absence of DNA replication.
Multiple LBS1/2 function as a cis-partitioning element analogous to FR of EBV oriP. Based on our data shown in Fig. 4 , we hypothesized that although replication and partitioning are LANA dependent, the two steps occur independently. To directly test this, we uncoupled replication and partitioning elements by constructing hybrid origins which contain the DS element of EBV oriP and various TR mutants in the background of pPur (Fig. 5A ) and performed colony formation assays. Hybrid origins should replicate in an EBNA-1-depen- 5) posttransfection. Episomal DNA prepared using a modified Hirt extraction protocol from 2 ϫ 10 6 long-term-cultured cells was detected using p2TR-GFP as a probe. Episomal DNA is observed in two forms: a top band, corresponding to open circular, and a lower band, corresponding to covalently closed circular. Indicated amounts of pLANA-2TR-GFP control DNA are at right as standards for quantification (lanes 6 to 8). At far right, control DNA was loaded in TE Hirt resuspension buffer or water to show differences in migration due to buffer conditions (lanes 9 to 12). dent fashion but require LANA for efficient partitioning. Similar hybrid origins have successfully been utilized to separate cis elements of other DNA tumor viruses (63) .
Starting with pDS-FR (wt EBV oriP), we replaced the FR element with either one or two TRs (pDS-1TR and pDS-2TR) or two TRs both lacking RE (p2TR⌬RE). 293 cells stably expressing EBNA-1 (a kind gift from Ashok Aiyar) were cotransfected with each hybrid origin and either pPur-LANA or pPur as a control. After transfection, equal numbers of cells were seeded and selected with puromycin, and after 2 weeks, outgrowing colonies were stained and enumerated. The number of outgrowing colonies is a direct measure of the efficiency of long-term maintenance. As a negative control, we tested a replication-defective plasmid, p2TR⌬RE, in 293/LANA cells and observed no colonies (see Fig. 7A ). In congruence with previous reports, pDS-FR produced 1,516 Ϯ 83 colonies per 50,000 plated cells while pDS did not form colonies (Fig. 5C ) (26) . In the absence of LANA, pDS-2TR and pDS-1TR gave a low number of colonies but produced 1,483 Ϯ 461 and 645 Ϯ 51 colonies, respectively, when cotransfected with pLANA ( Fig. 5C ), demonstrating that these assays allow us to monitor LANA-dependent maintenance. Importantly, cotransfection of pDS-2TR⌬RE with pLANA produced 506 Ϯ 109 colonies, proving that LANA can partition episomal DNA that is replicated in an EBNA1-dependent fashion.
To address whether LANA binding sites alone can confer partitioning, we tested hybrid origins containing either two or three copies of LBS1/2 (pDS-2XLBS1/2 and pDS-3XLBS1/2) (Fig.  5A ). Both plasmids formed colonies in a LANA-dependent fashion, and increasing the number of LBS1/2 significantly increased the number of colonies produced (Fig. 5B and D) . These observations indicate that LBS1/2 within the TR functions as a cispartitioning element comparable to the EBV FR element.
We observed that the number of colonies formed from plasmids containing minimal LBS1/2 was greatly reduced from that with full-length TR. For instance, while pDS-2TR⌬RE generated more than 500 colonies, pDS-2XLBS1/2 produced 26 Ϯ 6 colonies, which were strictly dependent on the presence of LANA (Fig. 5C and D) . One possible explanation for this difference is the spacing between the sets of LANA binding sites within the viral genome. Spacing between adjacent EBNA-1 binding sites within EBV FR has been shown to be critically important for stable oriP plasmid maintenance (26) . In both wt p2TR and pDS-2TR⌬RE, consecutive sets of LBS1/2 are spaced about 800 bp apart. In contrast, for pDS-2XLBS1/2, the sets of LANA binding sites are directly adjacent to each other, spaced by only 6 bp. Accordingly, we generated pDS-2XLBS1/2ϩ800 by inserting an 808-bp spacer of unrelated DNA between the two sets of LBS1/2 (Fig. 5A) ; however, no significant differences in the number of colonies were observed (Fig. 5E ). In summary, these results suggest that while multiple copies of LBS1/2 convey LANA-dependent partitioning, sequences outside of the minimal replicator region may contribute to the efficiency of this process.
Hybrid origins containing LBS1/2 are episomally maintained. To confirm that all hybrid origins which formed colonies were indeed maintained as episomes, we prepared Hirt extracts from puromycin-resistant cell pools and analyzed episomal DNA by Southern blotting. Consistently, we detected strong signals for hybrid origins cotransfected with pLANA, while those transfected with pPur showed no signal (Fig. 6A, B , and C, left panels).
To verify hybrid origins had not undergone genetic rearrangements, Hirt extracts were subjected to DpnI digestion and retransformed into Escherichia coli. Restriction enzyme analysis showed that rescued plasmids were the correct size (Fig. 6A, B, and C, right panels) . Thus, hybrid origins containing minimal LBS1/2 are maintained as episomes in dividing cells. These data formally prove that LBS1/2 sites within the TR function in a manner analogous to that of the FR element of EBV.
The number of LANA binding sites within TR affects the outcome of stable plasmid maintenance. KSHV viral genomes contain between 35 and 45 copies of TR (36). Our results Fig. 5 and those of previous reports indicate that plasmids bearing multiple TRs are more efficient in episome maintenance (6, 22) . To test this in a quantitative manner, we examined long-term maintenance of plasmids containing either two or four copies of TR in 293 cells that stably express LANA (Fig. 7B ). We observed a twofold increase in the number of outgrowing colonies with plasmids containing four TRs compared to that with plasmids containing only two TRs (Fig.  7A) . Similarly, an increase in TR copies from one to two yielded more colonies ( Fig. 5B and C) . These data show that multiple TRs enhance the efficiency of long-term episome maintenance.
DISCUSSION
In this study, we used a GFP reporter replicon system to follow the establishment and maintenance of TR-containing plasmids in a LANA-dependent fashion. Additionally, we gen-erated EBV/KSHV hybrid origins to define cis-regulatory elements required for LANA-mediated episome partitioning.
LANA significantly increases the retention rate of TR-containing plasmids early after transfection. To monitor kinetics of KSHV replicons in the absence of selection, we used nucleofection in combination with FACS. Both efficient plasmid delivery and rapid GFP expression allowed us to examine retention events during the first few cell divisions in a highly repeatable and quantifiable fashion. TR-containing replicons were retained two to four times more efficiently in the presence of LANA (Fig. 2) , and such retention was conferred by both active DNA replication and LANA-mediated partitioning ( Fig.  2 and 4) . Surprisingly, we found that TR mutants incapable of replication exhibited measurable retention rates in the presence of LANA, suggesting that binding of LANA to TR also stabilizes and/or protects incoming DNA from degradation (Fig. 4B) . Importantly, GFP expression correlated well with the presence of episomal DNA, which was monitored by both PCR and Southern blot analysis ( Fig. 2 and 3) . The fact that we observed a loss of GFP expression from LANA-expressing cells can be explained in at least two ways. Either cells maintaining replicons are outgrown by those that do not or the Fig. 2 ; also data not shown). Thus, these initial experiments reveal that replication and partitioning of KSHV episomes, although LANA dependent, occur independently and that events early after de novo infection, here recapitulated by transfection, are critical for episome establishment. Episome maintenance of TR plasmids can occur in the absence of antibiotic selection. Analysis of clonal populations revealed that a small percentage of cells retain KSHV replicons for several months posttransfection in the absence of antibiotic selection. These cells maintain episomal DNA in the presence of LANA as, shown by both Southern blotting and PCR analysis (Fig. 3) . Although the frequency of clones was low (Ͻ7%), these experiments suggested that LANA and TR can indeed confer episome maintenance in dividing cells under nonselective conditions. Furthermore, this low establishment frequency mimics that observed following de novo infection in vitro (3, 9) .
Episome maintenance is a long-standing paradigm for gammaherpesvirus latency (40) but lately has been brought into question. Most cells infected in vitro with KSHV fail to establish stable latency and lose viral genomes as they proliferate (9, 35) . Additionally, long-term maintenance of KSHV replicons was reported to require antibiotic selection (22) . In response to these observations, Grundhoff et al. proposed a new model potentially explaining the fact that the majority of cells within KS tumors are infected but lack an efficient mechanism to segregate latent genomes. Rather than stable episome maintenance, a minority of cells could spontaneously reactivate to produce progeny virions, thereby continuously replenishing the pool of infected cells (22) . Indeed, early in situ hybridization studies showed that a small number of cells within KS tumors express lytic markers (64) .
This reasoning, however, leaves out an important genetic argument which stems from the fact that all gammaherpesviruses encode origin-binding proteins and have cis-regulatory elements that convey OBP-dependent origin activity. Additionally, stable episomal maintenance is observed in lymphoblastoid cell lines and Burkitt's lymphoma-and PEL-derived cell lines (11, 12, 24, 54) . LANA knock-down experiments with PEL cells result in decreased KSHV copy numbers (21) , demonstrating that the maintenance of episomal DNA, even in PELs, requires LANA. Likewise, KSHV bacmids, in which LANA expression is genetically disrupted, are no longer maintained in proliferating cells even under selective conditions (73) .
Based on these observations and our data, we propose that the fate of the incoming viral DNA early after de novo infection is dependent upon robust expression of LANA. Interestingly, recent reports on viral gene expression profiling of de novo-infected endothelial cells show that there is a competition between ORF50 and LANA expression (33) . Moreover, both proteins can regulate their counterpart promoters (31, 37, 38) .
The presented data here, together with the outgrowth of a small number of stably infected KSHV-positive endotheliumderived SLK and human umbilical vein endothelial cells reported by the Ganem lab and us (3, 9, 22) , suggest that a crucial event in the establishment of episome maintenance is the initial retention and stabilization of episomes by LANA. Elegant experiments by the Sudgen and Ganem labs demonstrated that stable episomes are genetically intact and cells in which episomes are established are also not genetically altered, since newly introduced episomes are lost as rapidly from stable cells as from naive cells. Hence, it was proposed that epigenetic modifications in cis occur for episome establishment (22, 39) .
In this context, LANA interacts with a variety of chromatin components (8, 34, 41, 46, 55) . Additionally, EBV latent genomes are packaged into nucleosomes (60) , and it is known that KSHV TR is organized into nucleosomes, at which cell cycle-dependent histone modifications occur for initiation of DNA replication (65) . Thus, the chromatin status of an episome is likely an important determinant in viral latency. Interestingly, recent work has shown that LANA can recruit Dnmt3a, a de novo methyltransferase, to cellular and viral promoters, resulting in hypermethylation and subsequently transcriptional silencing (59) . We propose that the interaction of LANA with DNA methyltransferases also contributes to episome retention early after infection. In this model, LANA would interact with the viral genome and recruit DNA methyltransferases, facilitating epigenetic modifications as an initial step in sequestering and/or associating viral genomes with chromatin. In congruence with this model, we have tested in vitro-methylated TR plasmids in maintenance assays and found that they did not yield colonies (data not shown), suggesting that LANA-mediated recruitment of chromatin-associated factors, including DNA methyltransferases, is an important initial step in stabilizing episomes. In summary, we propose that gammaherpesvirus OBPs support episome establishment within a cell population by reducing the loss of viral genomes from individual dividing cells early after infection, permitting epigenetic stabilization events to occur.
Partitioning elements of KSHV episomes. While sequence requirements for LANA-dependent DNA replication have been characterized (29) , cis-regulatory elements conferring partitioning are less defined. Both bovine papillomavirus We observed that minimal LBS1/2 conferred partitioning but less efficiently than 2TR⌬RE (Fig. 5) . Similarly, we observed a reduction in the short-term retention of plasmids containing RELBS1/2 compared to results with wt TR (Fig. 3) . These data indicate that sequences outside of LBS1/2 enhance episome maintenance. TR contains binding sites for several cellular proteins, including PARP1 (45), and transcription factors, such as Oct-1 and Sp1 (29, 68) , as well as a variety of chromatin-associated proteins (62) . Additionally, a low-affinity LANA binding site within TR has been demonstrated in vitro (17) . Alternatively, the observed differences may be due to a disruption in chromatin architecture surrounding LBS1/2. Indeed, nucleosome positioning and chromatin remodeling are important factors in viral DNA replication (65, 74) and likely have a role in episome partitioning/tethering. In summary, our results suggest that while other TR-binding proteins may not be essential for partitioning, they may enhance episome stability.
Uncoupling replication and partitioning. Our data indicate that replication and partitioning play compensatory roles in retention of viral episomes early after infection. Two lines of evidence support this observation. First, plasmids containing either RELBS1/2 (replicating) or three sets of LBS1/2 (nonreplicating) exhibit similar retention kinetics (Fig. 4) . Thus, increasing the number of LBS1/2 from one to three somewhat compensates for the defect in replication, resulting in a retention rate comparable to that of a replication-competent plasmid. Second, DS plasmids with a single TR show the same maintenance efficiency as pDS-2TR⌬RE, despite the presence of twice as many LANA binding sites within pDS-2TR⌬RE (Fig. 5) . These data suggest that transfected plasmids can be stabilized/retained either by replication or by LANA-dependent chromatin association prior to the cell entering S phase.
Interestingly, within EBV oriP, three copies of DS can replace FR in maintenance (70) , suggesting that the mere presence of multiple OBP binding sites in an appropriate conformation conveys EBNA1-dependent tethering. While the number of EBNA-1 binding sites within FR does not affect DNA synthesis, at least four EBNA-1 sites spaced 14 bp apart are required for efficient oriP maintenance (26) . For KSHV, plasmids bearing a single TR replicate with the same efficiency as those containing two TR, as shown by short-term replication assays (28) . In contrast, for long-term maintenance, the number of TRs or more specifically the number of LBS1/2 directly affects the outcome of plasmid maintenance: two TRs are twice as efficient as one TR, and four TRs are twice as efficient as two TRs (Fig. 5 and 7) . Since LANA oligomerizes when bound to LBS1/2 via its C-terminal DBD (20, 32, 57) and EBNA-1 dimerization is required for binding to its cognate sequences (10) , the requirement of multiple OBP binding sites for efficient maintenance may be due in part to the higher-order structure which gammaherpesvirus OBPs form as they interact simultaneously with the viral episome via protein-DNA interactions and host chromatin via protein-protein interactions.
Chromosome association plays important roles in both the replication and tethering functions of EBNA-1 (30, 58) and LANA. A region within amino acid residues 5 to 22 of the LANA N terminus (CBS) is required for episome maintenance, interacts directly with core histones H2A and H2B, and can be substituted with histone H1 for maintenance of artificial replicons (8, 48, 61) . The LANA C-terminal DBD supports DNA replication at about 20% of wt levels (28) , and residues within the N-terminal CBS contribute to replication activity (7) . In congruence, we have observed that replicons expressing only the LANA C terminus exhibit low retention rates, while addition of the N terminus partly rescues retention (data not shown), indicating that LANA-mediated tethering of KSHV replicons early after transfection brings DNA into a nuclear context where it is stabilized and can be efficiently replicated once the cell enters S phase. Importantly, LANA has been shown to overcome G 1 cell cycle arrest (2) and cause nuclear accumulation of ␤-catenin (19), subsequently promoting Sphase entry. A fine mapping of TR sequences and examination of potential cellular proteins which may further support these early events is ongoing.
In summary, the dogma of gammaherpesvirus episome maintenance has shifted away from a simple picture in which episomes are segregated with absolute efficiency as is observed in lymphoblastoid cell lines or PELs. However, the data presented here clearly demonstrate that a mechanism exists which confers maintenance of KSHV episomes and that this multistep process is LANA dependent. Early on, various LANA activities may contribute to episome establishment by soliciting chromatin remodeling factors and/or facilitating epigenetic modifications of viral DNA. We like to suggest that the inefficiencies of episome maintenance observed in tissue culture are due in part to the experimental parameters utilized. For example, the dramatic reduction of transfected DNA in our model system allowed us for the first time to measure LANAdependent retention rates of TR plasmids. Finally, we speculate that episome establishment may be more efficient in vivo than fast-growing, transformed cells in tissue culture due to the impact of LANA on cell signaling processes directly related to cell cycle control and S-phase induction, which can influence the establishment of latency. Therefore, combining our experimental system with the use of primary cells should increase our understanding of these important gammaherpesvirus-specific processes.
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